Various pre-and postnatal risk factors, which act additively or synergistically induce an injurious inflammatory response in the airways and the pulmonary interstitium of preterm infants with bronchopulmonary dysplasia. This inflammatory response is characterized by an accumulation of neutrophils and macrophages as well as an arsenal of proinflammatory mediators that affect the endothelium and alveolar-capillary integrity. Besides proinflammatory cytokines and toxic oxygen radicals, lipid mediators as well as potent proteases may be responsible for acute lung injury. There is increasing evidence that an imbalance between pro-and anti-inflammatory factors, which should protect the alveoli and lung tissue, are key features in the pathogenesis of bronchopulmonary dysplasia. In addition, a subnormal generation of growth factors may affect alveolarization and vascular development in preterm infants with bronchopulmonary dysplasia. In this condensed review article, the current concepts on the possible role of inflammation in the evolution of bronchopulmonary dysplasia will be summarized.
'New' bronchopulmonary dysplasia (BPD) Various pre-and postnatal risk factors that act additively or synergistically induce an injurious inflammatory response in the airways and the pulmonary interstitium of preterm infants with bronchopulmonary dysplasia (BPD). [1] [2] [3] The 'classical' risk factors of BPD which have clearly been identified in preterm infants are lung immaturity, oxygen toxicity, baro-and volutrauma, initiation and duration of mechanical ventilation, prenatal and nosocomial infections, as well as increased pulmonary blood flow secondary to a patent ductus arteriosus. 3 Increased use of antenatal glucocorticosteroids, more gentle ventilation techniques, and early surfactant treatment have definitely minimized the severity of lung injury in more mature infants with respiratory distress syndrome (RDS) and significantly reduced the incidence of severe BPD which was characterized by chronic fibroproliferative changes with areas of emphysema and atelectasis. 4 However, there is a new category of very immature infants with a 'new' BPD who initially have minimal or absent signs of RDS but who subsequently develop oxygen dependency and ventilatory needs within the first two weeks of life. 5 Affected infants may be oxygen dependent for weeks and even months. A considerable number of these infants may have been exposed in utero to chorioamnionitis, and may be born with inflammed lungs. Various postnatal factors such as pulmonary or systemic infections, inappropriate resuscitation, high airway concentrations of inspired oxygen, and mechanical ventilation may amplify and perpetuate the inflammatory reaction and subsequently affect normal alveolarization and pulmonary vascular development in preterm infants with 'new' BPD ( Figure 1 ).
Inflammatory cells, endothelial interactions and chemotaxis
By now, many investigators have clearly demonstrated the pivotal and crucial role of neutrophils in the inflammatory response. Preterm infants with various stages of developing BPD had much higher and persisting numbers of inflammatory cellsneutrophils and macrophages -in their bronchoalveolar lavage fluid (BALF) compared with infants who recovered from RDS. [6] [7] [8] [9] [10] A neutrophil influx into the airways was observed immediately after initiation of ventilation and was associated with a decrease in the number of circulating neutrophils. This phenomenon was shown to correlate with the extent of pulmonary edema formation and an increased risk of developing BPD. [11] [12] [13] Most recently, a prolonged survival of neonatal neutrophils owing to an inappropriate suppression of neutrophil apoptosis has been described. [14] [15] [16] Before neutrophil migration, cellular attachment to endothelial cells is mediated through a complex interaction of adhesion molecules. Increased concentrations of various cellular and endothelial adhesion molecules such as intercellular adhesion molecule (ICAM-1) and selectins have been detected in airway secretions and the circulation of preterm infants with BPD. [17] [18] [19] These data provide indirect evidence for the recruitment of circulating neutrophils into the airways and the pulmonary tissue. Most recently, a strong upregulation of ICAM-1 on endothelial cord cells and increased serum concentration of soluble ICAM-1 in preterm infants exposed to chorioamnionitis has been reported in preterm infants.
Besides markers of endothelial activation, airway secretions of infants with BPD have been shown to contain a number of welldefined chemotactic and chemokinetic factors which reflect the high chemotactic activity of airway secretions and are responsible for the recruitment of neutrophils and macrophages: C5a, tumor necrosis factor-a (TNF-a), interleukin-1 (IL-1), interleukin-8 (IL-8), lipoxygenase products, elastin fragments, fibronectin, monocyte chemotactic protein and others. 8, 10, 21, 22 Not surprisingly, the chemotactic activity and the concentrations of numerous chemotactic factors were considerably higher in infants with BPD when compared with babies who recovered from RDS. It was convincingly demonstrated in animals exposed to 60% oxygen that the application of a selective chemokine receptor antagonist completely inhibited neutrophil influx into the lungs. This strategy suppressed pulmonary inflammation and enhanced lung growth. 23 Pro-and anti-inflammatory cytokines Besides IL-8, other proinflammatory cytokines such as TNF-a, IL-1 and interleukin-6 (IL-6) are important mediators in the early inflammatory response. These cytokines are synthesized by alveolar macrophages, fibroblasts, type II pneumocytes and endothelial cells upon stimulation by hypoxia, hyperoxia, endotoxin, other bacterial cell wall constituents, and biophysical factors. 24, 25 Increased protein levels and high mRNA expression of these proinflammatory cytokines (TNF-a, IL-1, IL-6, IL-8) have been demonstrated in airway secretions and bronchoalveolar cells in infants with developing BPD. 22,26 -30 In preterm infants who had died of severe RDS, the influx of TNF-a positive macrophages in pulmonary tissue was found to be associated with a striking loss of endothelial basement membrane and a destruction of interstitial glycosaminoglycanes. 31 A pronounced IL-8 mRNA-expression could also be detected in the bronchoalveolar epithelium and in a scattered pattern in the interstitial tissue of post-mortem lung tissue of infants with RDS. 32 The increased levels and enhanced mRNA expression of proinflammatory cytokines present in the airways and pulmonary tissue of preterm infants may reflect an inability to regulate inflammation through an adequate expression of the antiinflammatory cytokines IL-10, IL-4, IL-12 and IL-13 or IL-1 receptor antagonist. 26,33 -35 Cellular IL-10 mRNA was undetectable in most airway samples of preterm infants with RDS, but it was expressed in all cell samples of term infants with meconium aspiration syndrome. 26 However, lung inflammatory cells of preterm infants exposed to IL-10 in vitro responded with a reduced expression of proinflammatory cytokines. 36 An imbalance between proinflammatory and anti-inflammatory cytokines can be considered as an important feature of lung injury. 37 Hyperoxia, mechanical ventilation, chorioamnionitis and postnatal infections In newborn animals, hyperoxia has been shown to be a strong and independent inducer of various proinflammatory cytokines in airway cells and pulmonary tissue. 38, 39 In addition, initiation of mechanical ventilation in preterm animals has caused a proinflammatory response, suggesting that any baro-/volutrauma of the immature lung may be injurious. [40] [41] [42] [43] [44] [45] [46] Recently, the effect of mechanical ventilation on generations of various inflammatory and anti-inflammatory cytokines in an isolated rat lung model in the presence or absence of endotoxin-induced sepsis was studied. 44 The highest levels of inflammatory cytokines were seen in those ventilatory strategies with high pressure and no positive end expiratory pressure. If animals were pretreated with lipopolysaccharide (LPS), BALF concentrations of proinflammatory cytokines in an isolated, non-perfused lung model were impressively increased even with a 'less injurious' ventilation strategy. 47 'Priming' of the fetal lung by intrauterine endotoxin or exposure to chorioamnionitis is most likely a considerable pathogenetic factor in the initiation of the pulmonary inflammatory sequence. As a consequence, basically every form of mechanical ventilation may aggravate or even amplify the inflammatory reaction in the immature lung. Most recently, continuous positive airway pressure (CPAP) was also shown to induce inflammatory changes after application of LPS. 48 By now, a pronounced inflammatory response reflected by a marked infiltration of inflammatory cells, increased expression of IL-8 mRNA, and increased apoptosis, has been demonstrated in lung tissue of human fetuses exposed to chorioamnionitis. 32, 49 Epidemiological data suggest a strong association between chorioamnionitis and the development of BPD, and increased concentrations of proinflammatory cytokines in human amniotic fluid and fetal cord blood -indicating a systemic inflammatory response during chorioamnionitis -were shown to be an independent risk factor for the development of BPD. 50, 51 Furthermore, chorioamnionitis, mechanical ventilation, and postnatal sepsis have clearly been identified as modulators of BPD. The two postnatal factors interact with antenatal infection to further increase the risk of BPD. 52 An association between early onset bacterial infections and the development of BPD in very low birth weight infants has also been well established. 28, 53 In addition, systemic nosocomial infections have been clearly identified as an individual risk factor of BPD. 54, 55 During episodes of nosocomial infections, increased serum concentrations of 6-ketoprostaglandin F 1 a have been detected; these vasoactive mediators effectively prevented ductal closure. 56 Besides direct effects of infectious and inflammatory mediators on pulmonary tissue, hemodynamic changes in the pulmonary vascular bed associated with a persistent ductus ateriosus seem to play an essential role in the development of BPD. 57 However, the role of nosocomial airway infections and colonization of the airways with coagulase-negative staphylococci and gram-negative bacteria is less clear and has generated contradictory results. 28 Since airway colonization is related to the duration of mechanical ventilation, the impact of nosocomial pulmonary infection on the development of BPD is difficult to assess. The possible role of Ureaplasma urealyticum (Uu) in the development of BPD is also controversial. 58 Uu is the microorganism most frequently isolated from the amniotic fluid and a predominant organism detected in the airway secretions immediately after birth. 53, 59 Uu-colonization of the airways was shown to be associated with pulmonary inflammation and a subsequent development of BPD. 28, 60 In baboons antenatally colonized with Uu, two patterns of disease were observed: persistent colonization induced a picture consistent with acute pneumonitis and worsening lung function. In contrast, colonized animals that subsequently cleared Uu from the lungs demonstrated early improved lung function but still had mixed bronchiolitis and interstitial pneumonitis. Inherent immune system responses which are not yet understood most likely determine the pulmonary outcome of Uu colonization. 59 Proteolytic damage and transforming growth factor-b (TGF-b) Elastase, a powerful neutral proteinase stored in neutrophils, is thought to play an essential role in the destruction of the alveolarcapillary unit. An imbalance between elastase and a 1 -proteinase inhibitor (a 1 -PI) within the airways may be a hallmark of lung injury in preterm infants.
5,61 a 1 -PI is presumably inactivated by proteolytic cleavage of oxidized a 1 -PI. 61, 62 In the presence of free iron and hydrogen peroxide, generation of hydroxyl radicals has recently been demonstrated in airway secretions of the vast majority of preterm infants. 63 Interestingly, free elastase was shown to prime macrophages for an increased release of toxic oxygen metabolites such as hydrogen peroxide. 64 Moreover, resting and stimulated alveolar macrophages of infants with BPD generated increased amounts of hydrogen peroxide when compared with cells of controls. 21 Oxidative stress has clearly been shown to cause tissue damage 65 and to upregulate the activity of different matrixmetalloproteinases, as well as to inactivate various tissue inhibitors of metalloproteinases which cause disruption of the extracellular matrix. [66] [67] [68] [69] In addition, other proteases such as trypsin and proteinase-activated receptor 2 may participate in an inflammatory cascade. 70 The increased alveolar capillary permeability is pathognomonic for the early stages of BPD, and it is clearly associated with a deterioration of the lung function. 71 At a postnatal age of 10-14 days, preterm infants who later developed BPD had a drastic increase of albumin concentrations in bronchoalveolar secretions when compared with infants who recovered from RDS. 8 Utilizing magnetic resonance imaging, it was recently demonstrated that infants with BPD had increased lung water content and were susceptible to gravity-induced collapse and alveolar flooding of the lung. 72 As mentioned earlier, several factors may have detrimental effects on microvascular and alveolar permeability: inflammatory cells and various mediators including cytokines, lipid mediators, toxic oxygen radicals generated by phagocytes and other sources, inactivation of the surfactant system by serum proteins, microbial colonization, and infection of the airways. Inflammation induced by tissue injury is normally followed by a phase of repair. 73, 74 Lung injury leads to an induction of transforming growth factor-b (TGFb) which limits some of the inflammatory reactions and plays a key role in mediating tissue remodeling and repair. 73, 75 If the reparative processes are exaggerated and not adequately localized, fibrosis will ensue. This is typically associated with increased levels of TGF-b and its receptors, and overexpression of TGF-b has been shown to result in severe pulmonary fibrosis. 76 In preterm infants with BPD, increased levels of TGF-b have been detected in the airway secretions. [77] [78] [79] Using the data of the inhibitory effects of TGF-b levels on normal lung development, it can be speculated that interference of this cytokine with lung growth and suboptimal levels of different growth factors may also add to the pathogenesis of 'new BPD' and its possible long-term consequences. In fact, low airway concentrations of keratinocyte growth factor and hepatocyte growth factor were found to be associated with more severe lung disease in preterm infants. 80, 81 Up to now, studies investigating cytokines, proteases, oxygen radicals and other inflammatory mediators in BPD have largely been descriptive and the relative importance of individual factors has not been defined yet. Increasing evidence indicates that BPD results, at least in part, from an imbalance between the proinflammatory and anti-inflammatory mechanisms, with a persistent imbalance that favors proinflammatory mechanisms. In addition, an impaired generation of growth factors crucial for a normal pulmonary development has recently been implicated as a possible feature in the pathogenesis of BPD. Recent advances in molecular genetics and cell culture will provide the necessary tools to systematically elucidate the underlying mechanisms and regulation of the cytokine-and inflammatory network in BPD.
